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Fourier Transform Infrared Spectroscopy (FT-IR) is one of the most versatile 
analytical techniques available for the study of fossil fuel structure and reaction 
chemistry. 
reaction products as solids, liquids and gases, since almost all have characteristic 
absorptions in the infrared; (11) its sensitivity, allowing the study of highly 
absorbing materials such as coal and char and the use of difficult techniques such as 
photoacoustic or diffuse reflectance spectroscopy; (iii) its speed (instruments 
commercially available can obtain a complete spectrum every 20 milliseconds) allowing 
the possibility of following chemical reactions on-line; (iv) its inherent rejection 
of stray radiation, allowing transmission measurements at elevated temperatures to be 
made in-situ; (v) its ability to measure emission spectra to determine temperature 
as well as chemical changes of reactants at elevated temperature. 

Because of these advantages, FT-IR spectroscopy has achieved increasing use in fuel 
science. This paper will review some of its applications. Recent progress has been 
made in the use of FT-IR for the quantitative determination of hydrogen functional 
groups in solid hydrocarbons. 
uncertainties in the hydrogen distribution have hindered investigations of coal 
structure. 
determination of aliphatic hydrogen and the uncertainties remaining in the 
determination of aromatic hydrogen. A second area to be considered will be the 
application of the functional group determination to the study of coal pyrolysis. The 
paper will consider the changes in the functional group composition of coal during 
primary pyrolysis and its relationship to the pyrolysis products which are formed. 
Finally, recently developed methods employing both emission and transmission 
spectroscopy will be considered to monitor, in-situ, the coal particle temperature and 
chemical changes which occur during pyrolysis. 

Among its advantages are: (1) its ability to study feedstocks and 

Developments in this area are important since 

The paper will discuss the present convergence being obtained in the 

DETERMINATION OF AROMATIC AND ALIPBATIC HYDROGEN IN COAL 

While several techniques are available for obtaining infrared spectra of coal, only 
the KBr pellet technique has been pursued extensively for quantitative analysis. 
Methods for quantitative preparation of samples have been described in a number of 
publications (1-7) and it appears that with a representative sample of coal and care 
in sample preparation, spectra can be repeated with less than 5% variation. Typical 
KBr pellet spectra for two bituminous coals and a lignite are illustrated in Fig. 1. 
They have peaks due to their functional groups and mineral components which are 
identified in the figure. In general, all coals have these absorption bands and the 
major variation with rank is in their relative magnitude. 
of the KBr spectra whose interpretation has been controversial. The first is the 
large peak at 1600 wavenumbers, which evidence now suggests is an aromatic ring 
stretch whose intensity is greatly enhanced by the presence of hydroxyl groups on the 
ring and nitrogen in the ring (2-4,6). 
generally been attributed to scattering (rather than absorption) of the transmitted 
radiation by the particles of coal in the KBr pellet. 
sometimes been used to obtain a spectrum more "representative" of the absorption. 
Figure 2 compares a baseline corrected spectrum of coal (a) in Fig. 1. to a spectrum 
of the Same coal obtained by photoacoustic absorption spectroscopy (PAS) (8,9). The 
PAS technique which is sensitive only to the absorption of energy does not have a 
sloping baseline and is quite similar in appearance to the baseline-corrected KBr 
pellet spectrum. 

There are three features 

The second is the sloping baseline which has 

A straight line correction has 

The baseline correction appears to be accurate for coals and chars 
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up t o  about 90 percen t  carbon.  
abso rp t ion  is also preeent .  
t h e  a l i p h a t i c  band in t h e  KBr p e l l e t  spectrum may occur due t o  the  C h r i s t i e n s e n  e f f e c t .  
This d i s t o r t i o n  could i a f l u e n c e  measurenents  of t h e  a romat i c  hydrogen i f  t h e  3100 
wavenumber band i r  used. ?AS s p e c t r a  a l s o  appear  t o  exaggerate  the  mine ra l  peaks. A 
t h i r d  c o n t r o v e r s i a l  f e a t u r e  is t h e  hydroxyl band. 
(due t o  hydrogen bonding) and can t h e  band a s s o c i a t e d  wi th  water  incorporated during 
the p e l l e t  p repa ra t ion  be e l i m i n a t e d  by drying t h e  p e l l e t ?  Resu l t s  of Ref. 1 suggest  
t h a t  drying removes a lmos t  a11 of t h e  wa te r  and good r e s u l t s  have been obtained using 
t h e  o p t i c a l  d e n s i t y  a t  3200 wavenumbers t o  determine t h e  hydroxyl content .  
of t h e  d ry  KBr p e l l e t  spectrum w i t h  t h e  ?AS spectrum in Fig. 2. sugges t s  t h a t  t h e  broad 
abso rp t ion  peak of t h e  hydroxyl groups in the  d r i e d  p e l l e t  is real .  

To ob ta in  a romat i c  and a l i p h a t i c  hydrogen concen t r a t ions ,  H(ar) and H(a1). it is 
necessary t o  i n t o t r a t e  t h e  areas A(ar) and A(a1) under t h e  appropr i a t e  peaks ( spec t ra  
a r e  normalized t o  1 ag per squa re  cm) and d i v i d e  

hydrogen concentrat ions.  The former t a s k  has  been automated by employing a s y n t h e s i s  
r o u t i n e  which uses  a set of p r e s e l e c t e d  peaks whose p o s i t i o n  and width are he ld  f ixed  
and whose ampli tude is var i ed  t o  reproduce t h e  experimental  spectrum (2-4).  The 
technique has t h e  advantage t h a t  i n t e g r a t e d  areas w i l l  be obtained in a c o n s i s t e n t  
manner f o r  a11 samples. Exce l l en t  f i t .  have been obtained f o r  hundreds of c o a l  samples 
using one s e t  of 45 Gaussian peaks (2). To o b t a i n  t h e  a b s o r p t i v i t i e s  f o r  c o a l  samples, 
a method was der ived (2-4) in which H(a1) - A(al ) /a (a l )  and H(ar) - A(ar) /a(ar)  was 
equated t o  t h e  t o t a l  hydrogen. H, minus t h e  hydroxyl hydrogen, H(0H) and rearranged t o  
y i e l d  the  fol lowing equa t ion ,  

A t  h igh  carbon concen t r a t ions ,  a broad s lopping 
Conpariaon of t h e  two s p e c t r a  suggest  some d i s t o r t i o n  of 

Is i t  r e a l l y  a s  broad a s  i t  appears  

Comparison 

a p p r o p r i a t e  i n t e g r a l  a b s o r p t i v i t i e s  
a (a r )  and a(a1) ( in  abs. u n i t s  x wavenumbers/mg/cm Y ) t o  r e l a t e  the a r e a s  t o  t h e  

I f  t h e  a b s o r p t i v i t i e s  a r e  independent of c o a l  composition, than the two unknowns, a(ar)  
and a(a1) can be determined from A(a1). A(ar). H and H(0H)  f o r  two samples. H(OH) can 
be determined chemica l ly  or by FT-IP (1,5). A(a1) i a  usua l ly  obtained from t h e  s e t  of 
peaks near 2900 wavenumbers which a r e  s t r o n g  and do not  have any i n t e r f e r i n g  peaks 
nearby. 
have i n t e r f e r e n c e  from mine ra l  peaks (which must be sub t r ac t ed )  and long methylene 
cha ins  (which a r e  weak and can be aubtractod)  or from t h e  peak near 3100 wavenumbers 
which a r e  weak and have i n t e r f e r e n c e  from t h e  a l i p h a t i c  and hydroxyl bands. 
problem of de t e rmin ing  t h e  a r e a  f o r  t h e  3100 wavenumber peak is s u b s t a n t i a l  f o r  low 
rank coa ls  as w i l l  be discussed below. 

In p r a c t i c e ,  coa ls  do n o t  have d i f f e r e n t  enough r a t i o s  of H(a1) end H(ar) t o  determine 
accu ra t e ly  t h e  a b s o r p t i v i t i e s  from two samples, EO l a r g e  numbers of c o a l s  a r e  used t o  
d e f i n e  a s t r a i g h t  l i n e  by p l o t t i n g  the  two t e rms  i n  brackets .  But, even t h i s  method 
is not  accu ra t e  because tho c o a l s  tend t o  be t i g h t l y  c lus te red .  
problem. coal  der ived c h a r s  and t a r s ,  which have r e l a t e d  chemical  s t r u c t u r e a  were a l s o  
included t o  provide a wider  range of a l i p h a t i c  t o  a romat i c  r a t i o s  (2-4).  This  w i l l  
work only i f  t h e  a b s o r p t i v i t i e s  f o r  t h e s e  a d d i t i o n a l  samples a r e  t h e  same a s  f o r  coals. 
A s e t  of chars  produced by h e a t i n g  e bi tuminous coa l  a t  3 0 W s e c  t o  d i f f e r e n t  f i n a l  
t e l p e r a t u r e s  is i l l u s t r a t e d  in Fig. 3. A s  can be seen A(ar)/A(el) i n c r e a s e s  
cont inuously w i t h  p y r o l y s i s  temperature .  The cha r s  produced above 600% have l i t t l e  
a l i p h a t i c  hydrogen and thus  p rov ide  an e x c e l l e n t  sample f o r  determining a(ar). Using 
t h e  800 wavenumber r e g i o n  f o r  A(ar), t h e  bracketed t e rms  i n  Eq. 1 a r e  p l o t t e d  i n  Fig. 4 
wi th  some a d d i t i o n a l  c h a r s  and tars from a P i t t s b u r g h  Seam c o a l  of similar carbon 
content. 
.(.I) 684 and a(a1) 744. The r e s u l t s  a r e  in e x c e l l e n t  agreement w i t h  previously 
der ived values  of 686 and 746 f o r  a11 bi tuminous coals .  chars  and t a r s  (2). 
compounds were a l s o  examined t o  provide guidance in t h e  poss ib l e  a b s o r p t i v i t y  values  
(2-4). 
compounds con ta in ing  C and H only. 

A(ar) can be ob ta ined  from t h e  peeks near  800 wavenumbers which a r e  s t r o n g  but 

The 

To a l l e v i a t e  t h i s  

The cha r s  form a r e g u l a r  series along a s t r a i g h t  l i n e  v i t h  i n t e r c e p t s  a t  

Model 

The .Car) va lue  is 11% l o v e r  than t h e  average va lue  of a(ar)  - 768 f o r  25 model 
The same model compounde give an  average value of 
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i 
a(ar )  = 220 f o r  t h e  3100 wavenumber band. 
agreement w i t h  t h e  va lue  der ived  i n  Refs. 7 and 10. 

Using these  a b s o r p t i v i t i e s ,  v a l u e s  of H(ar) and H(a1) have been derived f o r  a set of 
bituminous c o a l s  from t h e  Exxon premium sample c o l l e c t i o n .  
a func t ion  of rank i n  Fig. 5a. 
smooth v a r i a t i o n  w i t h  rank. 
d a t a  appear t o  r e f l e c t  r e a l  v a r i a t i o n s  i n  H(al), s i n c e  H(a1) + H(ar) is i n  good 
agreement w i t h  H - H(OH) a s  shown i n  Fig. 6a. The da ta  form a band w i t h  a random 
v a r i a t i o n  of f 10%. The s l i g h t  s lope  in Fig. 6a s u g g e s t s  a v a r i a t i o n  of t h e  
a b s o r p t i v i t y  w i t h  carbon concent ra t ion .  

The problem of obta in ing  a b s o r p t i v i t i e s  us ing  c o a l s  a lone  (Le.. d e f i n i n g  a l i n e  
through da ta  p o i n t s  c l u s t e r e d  i n  a s m a l l  region) was r e c e n t l y  d iscussed  e x t e n s i v e l y  by 
r e s e a r c h e r s  a t  Penn S t a t e  U n i v e r s i t y  (7,lO). They used s n  e r r o r  minimiza t ion  procedure 
(equiva len t  t o  t h e  g r a p h i c a l  method d iscussed  above) t o  e v a l u a t e  t h e  a b s o r p t i v i t i e s  f o r  
a group of c o a l s  and l i g n i t e s .  The 3100 wavenumber reg ion  was chosen f o r  H(ar) i n s t e a d  
of t h e  800 wavenumber region.  The same method w a s  used on pyr id ine  e x t r a c t s  (7)  and i t  
was determined t h a t  t h e  a b s o r p t i v i t i e s  match reasonably wi th  a b s o r p t i v i t i e s  der ived  
from proton nmr. The a b s o r p t i v i t y  va lue  der ived  f o r  a(a1) was 665, 11% lower  than  our 
value of 745. Note t h e  conversion f a c t o r  E ( a 1 )  = 2 0  i n  Ref. (10) is t h e  r e c i p r o c a l  
of a(a1) m u l t i p l i e d  by 100 (weight f r a c t i o n  t o  weight  X )  and by 1.33 (mg per  p e l l e t  t o  
mg/cm2). The r e s u l t s  a r e  shown i n  Fig. 5b. The H(a1) va lues  a r e  about 10% higher  than 
o u r s  and a r e  in agreement w i t h  t h e  d i f f e r e n c e s  i n  a(a1). The 10% e x t r a  hydrogen i n  t h e  
H(a1) va lues  must be made up i n  t h e  H(ar) va lues  which a r e  up t o  30% t o  50% lower  than 
our va lues  a t  low carbon concentration. A comparison of H(a1) + H(ar) t o  H-H(0H) i s  
made in Fig. 6b. The random v a r i a t i o n  is s i m i l a r  t o  our  r e s u l t s  (k 12% VS. f 10%) but 
t h e  dependence on carbon concent ra t ion  i s  g r e a t e r .  While Reisser  e t  a l .  (10) have 
a t t r i b u t e d  a l l  t h e  d i s c r e p a n c i e s  between H(a1) + H(ar) derived by FT-IR and H-H(0H) 
der ived  by e lementa l  a n a l y s i s  and FT-IR t o  random e r r o r s  i n  K B r  p e l l e t  sample 
prepara t ion ,  some of t h e  v a r i a t i o n  is c l e a r l y  a s y s t e m a t i c  rank dependence caused by 
v a r i a t i o n s  i n  t h e  a b s o r p t i v i t i e s  w i t h  rank. This v a r i a t i o n  was observed i n  our e a r l i e r  
work and we derived s e p a r a t e  a b s o r p t i v i t y  va lues  f o r  l i g n i t e s  and subbituminous c o a l s  (2). 
The rank v a r i a t i o n  i n  t h e  a b s o r p t i v i t i e s  us ing  t h e  3100 wavenumber reg ion  appear  t o  be 
g r e a t e r  than what we have obta ined  us ing  t h e  800 wavenumber region. This  observa t ion  
w i l l  be discussed below. We b e l i e v e  t h a t  t h e  v a l u e s  of H(ar) repor ted  o r i g i n a l l y  (3) 
were too high because of t h e  i n f l u e n c e  of t h e  rank v a r i a t i o n  when us ing  rank 
independent a b s o r p t i v i t i e s .  

Considering t h e  above r e s u l t s ,  how a c c u r a t e  i s  t h e  FT-IR method f o r  de te rmining  
hydrogen f u n c t i o n a l  group c o n c e n t r a t i o n s ?  
and 5b) produce similar va lues  of H(a1). Values of H(ar) a r e  i n  reasonably narrow 
bands which agree  above 85% carbon. The method i n  i t s  c u r r e n t  s t a t e  of development 
(us ing  rank independent a b s o r p t i v i t i e s )  can, t h e r e f o r e ,  de te rmine  H(a1) t o  f 10% and 
r e l a t i v e  t rends  f o r  H(ar). The FT-IR technique appears  capable of provid ing  a c c u r a t e  
a b s o l u t e  values f o r  t h e  hydrogen f u n c t i o n a l  group d i s t r i b u t i o n  provided t h e  proper 
a b s o r p t i v i t y  can be determined f o r  H(ar) below 85% carbon. 
t h e  proper a b s o r p t i v i t i e s ,  d a t a  f o r  H(ar) i n  c o a l  der ived  by d i p o l a r  dephasing (11) a r e  
presented  in Fig. 5c and da ta  f o r  pyr id ine  e x t r a c t s  (12,13), vacuum d i s t i l l a t e s  (14) 
and c o a l s  (13) obtained by pro ton  nmr and I R  a r e  presented i n  Fig. 5d. Among t h e s e  
d a t a  f o r  H(ar) t h e  d i p o l a r  dephasing d a t a  (Fig. 5c)  are t h e  highest .  The d a t a  from 
t h i s  work (Fig. 5a) a r e  s imi la r  t o  t h e  d a t a  on c o a l  l i k e  m a t e r i a l s  (Fig. 5d) and a r e  
w i t h i n  the  range of t h e  d i p o l a r  dephasing data .  The d a t a  of Reisser  a t  al .  ( l o ) ,  
(Fig. 5b) a r e  t h e  lowes t  and appear  o u t s i d e  t h e  range of t h e  d i p o l a r  dephasing data .  

Another comparison i s  made i n  Table I u s i n g  t h e  average  va lues  determined f o r  the  
ra t ios  of H(ar) t o  H(a1) i n  t h e  r a n g e  of 80-85% c a r b o n  (10-16). 
determined by Reisser  e t  al., (10) i s  24% lower than  t h e  cumulative average  of 0.46. 
The value of 0.52 from t h e  p r e s e n t  r e s u l t s  is  13% too  high. The value of 0.2 
o r i g i n a l l y  determined by Brown (15) is t o o  low and t h e  va lue  of 0.70 d te rmined  by 

This  cor responds  t o  € ( a r )  = .60 i n  good 
I 

The r e s u l t s  a r e  p l o t t e d  a s  
The va lues  of H(ar) l i e  i n  a narrow band which shows a 

Values of H(a1) a r e  more s c a t t e r e d .  The s c a t t e r  i n  t h e  

Both s e t s  of d a t a  der ived  by FT-IR (Figs. 5a 

A s  guidance i n  de te rmining  

The v a l u e  of 0.35, 
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Wilson e t  al. (11) us ing  d i p o l a r  dephasing appears  too high. 

Some of t h e  discrepancy i n  t h e  FT-IR v a l u e s  may be due t o  t h e  cho ice  by t h e  Penn S t a t e  
group (7.10) of t h e  3100 wavenumber band f o r  H(ar). 
r a p i d l y  w i t h  dec reas ing  rank than do t h e  800 wavenumber bands. 
i n  Fig. 7 between t h e s e  two r eg ions  f o r  a l i g n i t e ,  i t s  tar and i t s  char. 
a r e  low i n  mine ra l  con ten t .  The s p e c t r a  a r e  presented v i t h o u t  b a s e l i n e  or  mine ra l  
cor rec t ions .  While t h e  c o a l  shows a d i s t i n c t  band near  800 wavenumbers i t  i s  very 
d i f f i c u l t  t o  d i s t i n g u i s h  a band a t  3100 wavenumbers. The t a r  and cha r  produced i n  
py ro lys i s  show l a r g e  peaks a t  800 wavenumbers but  only t h e  char has  a c l e a r l y  def ined 
peak a t  3100 vavenumbers. The ampli tude a t  3100 wavenumbers i s  e i t h e r  veakened o r  
p a r t i a l l y  hidden by t h e  presence of t h e  hydroxyl band. 
t o  800 wavenumber bands f o r  t h e  Exxon c o a l s  a r e  p l o t t e d  i n  Fig. 8a. 
zero  with i n c r e a s i n g  rank. A s i m i l a r  e f f e c t  i s  observed f o r  model compounds i n  Fig. 8b. 
The s t r e t c h  region appea r s  more s e n s i t i v e  t o  t h e  oxygen concen t r a t ion  than  t h e  vag. For 
example, a (a r )  goes f rom 220 (25 model compounds without  oxygen) t o  an  average value of 
122 (8 model compounds w i t h  an average of 11% oxygen). 
a ( a r )  for  t h e  800 wavenumber r eg ion  goes from 768 (no oxygen) t o  889 ( v i t h  oxygen). 
While t h i s  r a t i o  depends on t h e  way  t h e  bands a r e  f i t  (Le.  i n t e g r a t i o n  l i m i t s  and 
basel ine)  it is very d i f f i c u l t  t o  avoid very s m a l l  a r e a s  i n  t h e  3100 wavenumber region 
f o r  low rank coals .  

The decreasing 3100 wavenumber band i n t e n s i t i e s  f o r  low rank c o a l s  would exp la in  the  
l o v  values  of H(ar) i n  Fig. 5b and the s lope  i n  Fig. 6b. Resolut ion of t h i s  i s s u e  and 
improved accuracy i n  t h e  technique r e q u i r e s  the  fo l lowing  advances: 1 )  an  agreed upon 
procedure f o r  o b t a i n i n g  peak a r e a s ,  i i )  u se  of rank dependent a b s o r p t i v i t i e s ,  i i i )  a 
premium s e t  of r ep roduc ib le  samples of coa ls ,  vacuum d i s t i l l a t e s  and py r id ine  
f o r  round robin t e s t s  a t  d i f f e r e n t  l a b o r a t o r i e s  using FT-IR, proton nmr and C 1 4 x , ' ~ ~ t s  
w i t h  d ipo la r  dephasing. Even w i t h  i t s  l i m i t a t i o n s ,  t h e  p re sen t  technique appears  t o  be 
t h e  best  r o u t i n e  method to  o b t a i n  hydrogen func t iona l  group concen t r a t ions .  

This  band appears  t o  sh r ink  more 
A comparison is made 

These samples 

The r a t i o  of a r e a s  of the 3100 
The r a t i o  goes t o  

For the  same model compounds 

TEE VARIATIONS m FUNCTIONAL GROUP COMPOSITION DURING COAL PYROLYSIS 

An a p p l i c a t i o n  of t h e  a n a l y s i s  method desc r ibed  above v a s  made i n  t h e  s tudy  of c o a l  
py ro lys i s  where t h e  e v o l u t i o n  of py ro lys i s  products  may be r e l a t e d  t o  the chemical  
changes occur r ing  i n  t h e  c o a l  a s  determined by FT-IR spectroscopy. 
descr ibed i n  t e rms  of t h e  fo l lowing  s tages :  

P y r o l y s i s  has  been 

I I1 111 
Coal/Metaplast  Primary P y r o l y s i s  Secondary Pyro lys i s  

: soot,  gas 

raw coal- me tap la s t  

During, s t a g e  I the  c o a l  may undergo some bond breaking r e a c t i o n s  and r educ t ion  of 
hydrogen bonding which may lead t o  melting. 
molecules o r  a r e  formed by the  breaking of very weak bonds a r e  re leased.  
11. f u r t h e r  bond breaking occurs  l ead ing  t o  evo lu t ion  of t a r  and gases  and the  formation 
Of char. During s t a g e  111 t h e  products  can cont inue t o  reac t .  The char  can  evolve 
secondary gases, mainly CO and H2 whi le  undergoing r i n g  condensations. 
c r ack  t o  form soot ,  coke and gases  and t h e  gases  can c rack  t o  form l i g h t e r  gases  and soot-  

TO demonstrate t h e  r e l a t i o n s h i p  between t h e  "extent  of py ro lys i s "  and the f u n c t i o n a l  
group composition, we cons ide r  a n  experiment i n  which samples of a bi tuminous coa l  were 
heated a t  a cons t an t  r a t e  of 3O0C/min s t a r t i n g  a t  15OOC and ending a t  a series of 

Some l i g h t  s p e c i e s  which e x i s t  a s  guest  
During s t a g e  

The t a r s  can 
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t empera tures  between 350 and 950°C. 
PYrolYSiS, which can over lap  i n  r a p i d  h e a t i n g  experiments. 
s p e c t r a  obta ined  f o r  t h e  product chars  ( a t  s e v e r a l  t empera tures)  by q u a n t i t a t i v e  FT-IR 
spectroscopy. There are s u b s t a n t i a l  changes i n  t h e  s p e c t r a  a s  t h e  peak p y r o l y s i s  
temperature i s  increased. To r e l a t e  t h e s e  changes t o  t h e  s t a g e s  of p y r o l y s i s ,  the  
f u n c t i o n a l  group compositions from t h e s e  s p e c t r a  a r e  compared i n  Fig. 9 t o  t h e  weight 
loss and evolu t ion  of tar and gases  measured dur ing  t h e  experiment. 

S u b s t a n t i a l  changes occur dur ing  t h e  primary pyro lys i s ,  s t a g e  11. 
t h e  weight loss w i t h  t h e  r a t e  of t a r  evolu t ion .  The maximum r a t e  of weight loss a t  
470°C compares wi th  t h e  maximum r a t e  of tar evolution. F igure  9b shows t h e  r a t e  of 
a l i p h a t i c  gas  evolu t ion  compared to t h e  loss of a l i p h a t i c  hydrogen, H(al), i n  t h e  char. 
There i s  a l s o  an  i n c r e a s e  i n  H(ar), Fig. 9e. which occurs  as t h e  t a r  p icks  up hydrogen 
from hydroaromatic r i n g s ,  conver t ing  them t o  a romat ic  s i t e s .  
a l i p h a t i c  gases  and H(ar) a r e  c l o s e l y  coupled events  which dominate t h e  pr imary  
pyrolysis.  The loss of H(a1) i n d i c a t e s  t h e  end of s t a g e  11. The loss of H(a1) a l s o  
s i g n a l s  t h e  loss of p l a s t i c i t y  and s w e l l i n g  as descr ibed  i n  (17). 

A t  30"C/min hea t ing  r a t e ,  secondary p y r o l y s i s ,  s t a g e  111, began above 550°C. F i g u r e  9 c  
compares t h e  evolu t ion  of methane w i t h  t h e  c o n c e n t r a t i o n  of methyl groups i n  t h e  char. 
The methyl group concent ra t ion  f i r s t  i n c r e a s e s  dur ing  primary p y r o l y s i s  (due t o  bond 
breaking and s t a b i l i z a t i o n )  and t h e n  decreases  as methane i s  formed. The e v e n t s  
occur r ing  dur ing  t h e  l a t e r  p a r t s  of s t a g e  111 inc lude  t h e  e l i m i n a t i o n  of e t h e r  l inkages  
coupled wi th  t h e  evolu t ion  of CO (Fig. 9d) and t h e  e l i m i n a t i o n  of a romat ic  hydrogen, 
H(ar), (Fig. 9e)  which occurs d u r i n g  r i n g  condensation coupled w i t h  e v o l u t i o n  of 
hydrogen gas  (not measured i n  t h i s  experiment). Since r i n g  condensations a l s o  
e l i m i n a t e  a c t i v e  s i t e s  f o r  oxygen a t t a c k ,  H(a1) should be a good parameter t o  c o r r e l a t e  
w i t h  i n t r i n s i c  char  r e a c t i v i t y .  F igure  9f shows t h e  e v o l u t i o n  of C 0 2  and H20. 
evolu t ion  of water appears t o  c o r r e l a t e  w i t h  t h e  i n c r e a s e  i n  t h e  e t h e r  oxygen 
sugges t ing  t h a t  two hydroxyls may combine t o  form a water  and an  e t h e r  l ink .  

For these  experiments,  t h e  changes i n  t h e  f u n c t i o n a l  group composition a s  de te rmined  by 
FT-IR provide a good chemical d e s c r i p t i o n  of t h e  p y r o l y s i s  s t a g e s  which are i n  t u r n  
c o r r e l a t e d  w i t h  t h e  evolved products. It has  been demonstrated t h a t  t h i s  r e l a t i o n s h i p  
between t h e  p y r o l y s i s  events  and t h e  f u n c t i o n a l  group composition i s  q u i t e  genera l ,  
being independent of c o a l  rank and tempera ture  (3,17-20). The sequence of f u n c t i o n a l  
group changes is t h e  same i n  h igh  h e a t i n g  r a t e  experiments as f o r  t h e  slow h e a t i n g  case  
and corresponds i n  t h e  same way t o  t h e  p y r o l y s i s  events.  
method t o  determine t h e  "ex ten t  of pyrolysis".  

Slow h e a t i n g  i s  u s e f u l  i n  s e p a r a t i n g  t h e  s t a g e s  of 
Figure 3 shows t h e  i n f r a r e d  

F igure  9a compares 

The loss of tar, 

The 

FT-IR s p e c t r a  provide  a good 

IN-SITU WONIlURING OF COAL TEMPERATURE AND SPECTRAL ESlTl'ANCE 

A s  a f i n a l  example of t h e  FT-IR's v e r s a t i l i t y ,  we cons ider  i ts  a p p l i c a t i o n  i n  t h e  on- 
l i n e ,  in -s i tu  monitoring of c o a l  conversion. I n  t h i s  a p p l i c a t i o n  t h e  sample volume is  
i n  t h e  r e a c t i n g  s t ream r a t h e r  than  i n  a K B r  p e l l e t .  Both emiss ion  and t r a n s m i s s i o n  
measurements a r e  made t o  provide  d a t a  on t h e  c o a l ' s  t empera ture  and s p e c t r a l  e m i t t a n c e  
(which i s  r e l a t e d  t o  i t s  chemica l  composition).  A s  descr ibed  i n  a previous  p u b l i c a t i o n  
(21), the  t r a n s m i t t a n c e  measurement is used t o  de te rmine  t h e  t o t a l  e m i t t i n g  s u r f a c e  of 
t h e  c o a l  p a r t i c l e s  so t h a t  a normalized emiss ion ,  (emissionl(1-transmittance)) can be 
compared i n  both shape and ampl i tude  t o  a t h e o r e t i c a l  black-body. 
descr ibed  below, t h e  c o a l  f low rate was monitored t o  i n s u r e  t h a t  bo th  measurements be 
made under t h e  same conditions.  
p a r t i c u l a r )  and d i f f r a c t i o n  e f f e c t  requi red  a d d i t i o n a l  c a r e  i n  t h e  computation of t h e  
normalized emission. 
normalized emiss ion  measurement has  t h e  f o l l o w i n g  advantages: 1) A complete spectrum 
i s  obtained, no t  j u s t  two or t h r e e  co lors ;  2) Measurements a r e  made i n  t h e  i n f r a r e d  
where the  emission i s  s t r o n g e s t  and where measurements of emiss ion  and o p t i c a l  
p roper t ies  are re levant  t o  p r a c t i c a l  convers ion  processes;  3) Measurements a r e  p o s s i b l e  
w i t h  mixed phase ( p a r t i c l e s ,  s o o t  and gas); 4)  For grey-bodies, t h e  measurement of 
normalized emi t tance  a l l o w s  t h e  use  of t h e  s p e c t r a l  shape t o  o b t a i n  tempera ture  and t h e  

I n  t h e  work 

Also, t h e  emiss ion  from s e v e r a l  phases ( t a r  i n  

Compared t o  o t h e r  techniques  f o r  measuring tempera ture  t h e  FT-IR 
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ampli tude,  t o  o b t a i n  e m i s s i v i t y ;  5 )  Measurements are f a s t .  A complete spectrum can be 
obtained i n  20 m i l l i s e c o n d s  u s i n g  a commercial FT-IR. 
techniques to o b t a i n  p o i n t  measurements may be p r a c t i c a l ;  6) Determinat ion of temperature  
d i s t r i b u t i o n s  a r e  p o s s i b l e ;  7)  The technique is a p p l i c a b l e  t o  measurements in process  
equipment. 

The spec t ra  which w e  cons ide r  were obtained f o r  py ro lys i s  measurements made i n  a tube 
r e a c t o r  desc r ibed  i n  ano the r  paper presented a t  t h i s  meeting (22) and combustion 
measurements m a d e  i n  s n  e n t r a i n e d  f low r e a c t o r  (17). 
access  t o  t h e  h igh  t empera tu re  products. For these  experiments ,  t h e  FT-IR measurement 
can provide a d i r e c t  measurement of the  c o a l  p a r t i c l e  temperature. The technique has  
been va l ida t ed  by making measurements under cond i t ions  where t h e  p a r t i c l e  temperatures  
a r e  known. A s i m p l e  c a s e  is i l l u s t r a t e d  i n  Fig. loa. For t h i s  case,  s u f f i c i e n t  t ime 
was allowed f o r  t h e  c o a l  t o  reach t h e  a sympto t i c  t ube  temperature  of 935% (1208 K) and 
f o r  primary p y r o l y s i s  t o  have occurred. The normalized emission spectrum is in good 
agreement wi th  a t h e o r e t i c a l  black-body a t  1190 K w i t h  an  ampli tude corresponding t o  an 
e m i s s i v i t y  of 0.9. The measured temperature  is i n  e x c e l l e n t  agreement wi th  t h e  tube 
temperature, a s  a 10°C d rop  i n  temperature  is expected between t h e  end of t h e  tube, and 
the measuring po in t  a t  0.75 c m  below t h e  end. 

The measurement of t empera tu re  before  and du r ing  py ro lys i s  is not  a s  simple. s i n c e  f o r  
t h e  s i z e  of c o a l  p a r t i c l e s  used here ,  on ly  s p e c i f i c  bands (corresponding t o  t h e  
absorbing bands i n  c o a l )  provide s u f f i c i e n t  absorbance f o r  t h e  s p e c t r a l  emi t t ance  t o  
reach 0.9. Then, on ly  t h e s e  r eg ions  can be used t o  compare t o  t h e  black-body. 
Examples for a 200 x 325 mesh f r a c t i o n  of a Montana L i g n i t e  i n j e c t e d  a t  3 grams/min 
i n t o  the tube r e a c t o r  a t  8OO0C (1173 K) w i t h  a cold helium v e l o c i t y  of 4 m/sec a r e  
presented i n  Figs. 10b and 1Oc. The same c o a l  w i th  a cold v e l o c i t y  of 28 m/sec i s  
shown in Fig. 10d. 
higher  v e l o c i t y ,  but  has  a shape similar t o  Fig. 10b where t h e  c o a l  is a t  a comparable 
temperature. The s p e c t r a  a r e  decidedly non-black o r  non-grey. Measurements show t h a t  
t h e  p a r t i c l e ' s  e m i s s i v i t y  is  s i z e ,  rank and temperature  dependent. The r e s u l t  can be 
understood by remembering t h a t  a p a r t i c l e ' s  emi t t ance  is r e l a t e d  t o  i t s  absorbance. 
Only the r eg ion  between 1000 and 1600 wavenumbers h a s  s u f f i c i e n t  absorbance t o  f u l l y  
a t t e n u a t e  t 8 e  i n c i d e n t  l i g h t  over  t h e  p a r t i c l e  thickness .  It is only i n  t h i s  region 
t h a t  the normalized emiss ion  can be compared t o  t h e  black-body. 
hydroxyl bands a r e  ques t ionab le .  

Figures  10b t o  10d c o n t a i n  t h e  b e s t  f i t  grey-body curve ( E -  0.9) i n  t h e  1000 t o  1600 
wavenumber r eg ion  and a grey-body curve (6= 0.9) corresponding t o  t h e  thermocouple 
measurement a t  the  FT-IR focus. The grey-body curves a r e  f i t ,  excluding the  region 
around 1500 wavenumbers where t h e r e  is i n t e r f e r e n c e  from water. The d i f f e r e n c e s  
between the FT-IR and thermocouple measurements were 30°C, 4O'C, and -13% f o r  
measurements a t  853 K, 953 K, and 913 K, r e s p e c t i v e l y .  The t h r e e  c a s e s  a r e  f o r  t r a n s i t  
d i s t ances  of 10, 30 and 50 cm in t h e  tube reac tor .  
temperature  and w i t h  changes i n  composi t ion a s  r i n g  condensat ion (which t a k e s  place 
during py ro lys i s )  makes t h e  cha r  more g r a p h i t i c .  
grey-body l i k e  Fig. loa.  only a f t e r  s u f f i c i e n t  t i m e  a t  e l eva ted  temperature  ( a f t e r  
primary p y r o l y s i s  is complete). 
(€=  0.9)- The s p e c t r u m  f o r  t h e  same c o a l  a t  935OC. Fig.  loa ,  is even  c l o s e r .  To 
determine t h e  change under  even more seve re  p y r o l y s i s  condi t ions ,  chars  of t h e  same 
coa l  were prepared a t  1300'C and then i n j e c t e d  i n t o  t h e  tube r e a c t o r  a t  800OC. The 
spectrum i n  Fig. 10e shows a grey-body wi th  an  e m i s s i v i t y  o f €  -0.70, c l o s e  t o  t h a t  
expected f o r  g raph i t e .  

The s p e c t r a l  e m i t t a n c e  i s  a l s o  p a r t i c l e  s i z e  dependent. 
f o r  a -400 mesh f r a c t i o n  of t h e  same l i g n i t e .  
region,  the  s p e c t r a l  e m i t t a n c e  i s  much lower than 0.9. As p y r o l y s i s  proceeded and 
p a r t i c l e  mass was l o s t ,  t h e  s p e c t r a l  emi t t ance  decreased even i n  t h e  1200 t o  1600 
region. These da ta  show t h a t  raw coa l  of a s i z e  used f o r  pulver ized c o a l  combustion 
does not have anywhere nea r  t h e  90% abso rp t ion  of r a d i a t i o n  which is usua l ly  assumed i n  

With t h i s  speed, tomographic 

Both r e a c t o r s  a l low o p t i c a l  

The spectrum is n o i s i e r  due t o  t h e  lower d e n s i t y  of coa l  a t  the  

The a l i p h a t i c  and 

The spec t ra  change wi th  p a r t i c l e  

The emission spectrum approaches a 

The spectrum of Fig. 1Oc is almost  a grey-body 

Figure 10f shows a spectrum 
Except f o r  t h e  1200 t o  1600 wavenumber 
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calculating the particle heating rates. 
(where furnace radiation is a maximum) is about 0.5 for the 200 x 325 mesh fraction and 
0.2 for the -400 mesh fraction. 

Figure log shows that temperature was determined as l o v  as 300°C. 
show temperature determinations during combustion. Under identical conditions, the 
lignite, at 1650 K is much more reactive than the bituminous coal at 1350 K. The 
particles spectral emittance have fallen to about 0.70 i n  agreement with the results of 
Fig. 10e. 

The average spectral emittance in the mid IR 

Figures 10h and 101 
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TABLE I 

Author Ref. H(al)/H(ar) 

Brown 15  0.20 
Brown e t  a l .  14 0.33 
Retsser e t  a l .  10 0.35 
Durte, e t  a l .  13  0.38 

Summary of 
other data  

Retcof sky 12 0.48 
Present 0.52 

Durie, e t  a l .  13 0.56 
Mazumdar 16  0.59 

Resu 1 t s 

Summary of 
data  

Coals and 
Wilson e t  a l .  11 0.70 

0.46 
Vi t r tn t t e s  

Average 
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